Abstract---Sputter deposition process was investigated by computer simulation in order to clarify the effects of sputter-deposition parameters (sputtering gas pressure, substrate temperature, and high-energy particle bombardment of the film surface) on the microstructure of the film. Changes in sputtering gas pressure lead not only to changes in the distributions of the incidence angles and energy distribution of deposition particles, but also to changes in the film composition. The gas pressure dependence of the film composition in magnetron sputtering differs significantly from that in facing target sputtering. The surface migration of the deposited atoms due to thermally activated hopping leads to a considerable increase in film density. The bombardment of the film surface by high energy particles induces a significant migration of the deposited atoms and results in a dense structure.
I . INTRODUCTION
Many researchers have used a Monte Carlo method to investigate sputter deposition processes by computer simulation [I-8] . We have already used that method to investigate the transport and deposition of sputtered particles in a facing target sputtering system and have reported that the selfshadowing effect plays an important role in forming the microstructure of the deposited film [9] . In the present study, we used a computer simulation to clarify the effects of sputterdeposition parameters such as sputtering gas pressure, substrate temperature, and high-energy particle bombardment on the microstructure and composition of the film.
IT. SIMULATION MODEL
Two types of sputtering systems -magnetron sputtering and facing target sputtering (FTS)-were simulated (Fig. 1) . The sputter deposition process was divided into three steps: (1) emission from the target, (2) transport from target to substrate, (3) film formation on substrate. In calculating the emission process, the angular distribution of the emission angles of the sputtered particles was assumed to follow the cosine law. The energy distributions of the sputtered atoms emitted from the target were calculated by using Tompson's model [10] . In calculating the transport process, a model reported by Motohiro [2] and Turner [3] was used to calculate the trajectory of each of the sputtered particles emitted from the target in order to estimate the number of particles deposited on substrate and the distribution of their incident angles to the substrate.
The distribution of incident angles was used in the calculation of the deposition process. The atoms were assumed to be hard spheres and to be deposited on substrate according to a model reported by Henderson et a1 [11] .
The surface migration of the deposited atoms that was due to thermally activated hopping was introduced by using a model similar those reported by Muller [12] and S. Muller-Pfeiffer et a1 [13] .
The number N of hops was calculated as !:lE N = Vo exp(--) , (1) kT where k is the Boltzmann constant, T is temperature, !:lE is activation energy, Vo is phonon frequency,
where d is interatomic distance, and m is atomic mass, The activation energy for the hopping of an atom in contact with three atoms was assumed to be given by
where Q is the activation energy for surface diffusion and
The activation energy of an atom in contact with more than three atoms was assumed to be given by
where p is the energy of a single bond.
The effect of the high-energy particle bombardment on the film surface during deposition was also studied by using a molecular dynamic simulation model reported by Yamamoto et a1. [6] ill. RESULTS AND DISCUSSION
A. Composition change caused by gas scattering
Only the scattering of sputtered particles by collision with sputtering gas was considered. Figure 2 shows examples of the simulated changes in the ratio of the amount of iron atoms to barium atoms arriving at the substrate(arrival ratio of iron atom to barium atom) in the deposition of barium ferrite films at various sputtering gas pressure by using FTS. The experimental results were also shown in this figure. It should be noted that the iron content in the film increases as the sputtering gas pressure increases and that it takes a maximum at a certain pressure, above which the iron content decrease. These changes in film composition agree qualitatively with the experimental results. Figure 3 shows, for magnetron sputtering, the changes in the arrival ratio of iron atom to barium atom with changes in sputtering gas pressure. The iron content in the film decreases monotonically as the sputtering gas pressure increases, which is quite different from that observed in FTS, shown in Fig. 2 . These results suggest that the scattering of the sputtered particles by the collision with sputtering gas should be taken into consideration if we want to control the film composition. Figure 4 shows the examples of the microstructure simulated for cobalt films deposited when the FTS system is used at 2 mTorr and at 10 mTorr without surface migration. It is clear that the film deposited at a higher gas pressure has a lower density. This is a result of the self shadowing effect being more prominent at higher pressures.
B. Surface migration of deposited atoms due to thermally activated hopping
The effect of surface migration of the deposited atoms on the microstructure of the film due to thermally activated hopping was investigated by depositing the film at various temperatures. Figure 5 shows a simulated microstructure of cobalt films deposited, using the FTS system at 500 K, and 600 K. The argon gas pressure and deposition rate were fixed at 10 mTorr, and 100 Almin, respectively. Comparing the structure of this film with that of the film deposited without surface migration, shown in Fig.  4(b) , we can easily see that both film density and grain size are increased significantly by surface migration of the deposited atoms and surface roughness decreases remarkably. These results indicate that the control of the distribution of the incidence angles of the deposition particles on the substrate is important when the film is deposited at a low temperature where surface migration is suppressed to obtain a film with desired microstructure.
C. High energy particle bombardment of film surface
The effect of the high-energy particles bombarding the film surface during deposition was also studied by using a molecular dynamic simulation. Argon ions with various energies bombarded the surface of the film deposited at 500 K, and 10 mTorr by using FTS. of the atoms in the film. This indicates that the high-energy particle bombardment can induce a significant migration of the deposited atoms in the film and results in a densification of the film. Figure 7 shows the changes in the simulated microstructure of the films caused by the bombardment of argon ions with an energy of 50 e V. It is evident from the figure that the bombardment causes the film density to increase.
N. CONCLUSIONS
This computer simulation of sputter deposition processes yielded the following results: (1) The composition of a film with elements of different masses changes with sputtering gas pressure as a result of the sputtered particles scattering when they collide with atoms of the sputtering gas, and it became clear that the gas pressure dependence of the film composition in magnetron sputtering differs clearly from that in facing target sputtering. (2) The density of a film is increased significantly by the surface migration of deposited atoms. (3) The bombardment of the film by high energy particles induces a significant migration of the deposited atoms and results in a dense structure.
